We present the first direct single-shot recordings of optical rogue waves by using a homemade Time Microscope having a temporal resolution of 250fs (P. Suret et al., Nature Communications 7, 13136 (2016)). In our experiments, partially coherent waves emitted by a amplified spontaneous emission light source experience nonlinear propagation in a single mode optical fibre. Experimental observation reveal the emergence of coherent structures embedded in the random waves. The probability density function of optical power is found to evolve from exponential distribution that corresponds to linear superposition of waves to heavy tailed distribution. The experiments are very well reproduced by numerical simulations of the one dimensional nonlinear Schrdiner Equation.
INTRODUCTION
Rogue waves (RWs), first studied in Oceanography, are extreme events that occur more frequently than expected from the normal law.
1, 2 From the pioneering optical fibre experiment performed by Solli et al in 2007 , 3 optical RWs have been studied in various optical experiments such as supercontinuum generation in fibres, 3, 4 laser filamentation, 5, 6 passive cavities, 7 lasers 8, 9 and Raman fibres amplifiers.
10
The so-called optical RWs correspond to a large variety of phenomena. 2, 11, 12 However the one-dimensional focusing nonlinear Schrödinger equation (1D-NLSE) plays a fundamental role by providing a one-to-one correspondance between uni-directionnal hydrodynamics and nonlinear optics. 13, 14 The focusing 1D-NLSE describes at leading order propagation of deep water waves in one-dimensional tanks and also nonlinear propagation of light in single-mode fibres.
14 Breathers solutions of 1D-NLSE such as the Peregrine soliton (PS) are considered as prototypes of RWs. [15] [16] [17] [18] This has motivated important experiments in which these solitons on finite background (SFB) have been generated in optical fibres [19] [20] [21] [22] and in a one-dimensional water tank. 22, 23 In these experiments, SFB are generated from coherent and deterministic initial conditions that have to be carefully designed.
On the contrary, the questions related to the local emergence of coherent structures compatible with breathers solutions of the 1D-NLSE is still completely open in the context of random waves. The problem of random (or partially coherent) wave systems described by integrable equations such as 1D-NLSE enters within the fundamental framework of the so-called "integrable turbulence". [24] [25] [26] [27] [28] [29] As mechanisms of wave interactions are not resonant for the 1D-NLSE, 30, 31 integrable turbulence is of profoundely different nature than conventional turbulence. 25, 28, 30, 32 It is now well established that statistical deviations from Gaussianity can arise from the propagation of partially coherent waves in optical fibers. 27, 32 Numerical simulations show that the heavy-tailed statistics possibly arise from the stochastic generation of solitons on finite background (SFB) that are localized in space and time, such as the PS. 18, 25, 27, 33 From the technical point of view, the fast measurement of structures having typically sub-picosecond timescale in optical fibers is extremely challenging. [34] [35] [36] [37] Pioneer works devoted to optical RWs in optical fibres hence did not provide single shot observation of the structures but evidence the emergence of RWs by using e.g. spectral filtering 3, 4, 38 or statistical measurement from optical sampling techniques.
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In this article, we demonstrate the use of experimental strategy based on time to observe partially coherent waves having sub-picosecond timesclaes. More precisely, we report direct single-shot recordings of optical RWs by using a Time Microscope (TM).
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EXPERIMENTS
In our experiments, partially coherent waves emitted by a random light source experience nonlinear propagation in a single mode optical fibre (see 29 for details). The random waves used as initial conditions in our experiments are partially coherent light waves emitted by a Amplified Spontaneous Emission (ASE) light source at a wavelength λ ∼ 1560 nm. Using a programmable optical filter (Finisa Waveshaper), the optical spectrum of the partially coherent light is designed to have a typical width ∆ν 0.1 THz. The partially coherent waves are launched into a 500 m-long single mode polarization maintaining fibre at a wavelength falling into the anomalous (focusing) regime of dispersion. The light at the output of the nonlinear fibre is then directed to the TM.
The TM maps the temporal evolution onto the spatial coordinate of a sCMOS camera (see Fig. 1 ). The TM is composed of two part. The "objective" of the TM is a time lens [39] [40] [41] operating from sum-frequency generation (SFG) between the 1560 nm signal and a chirped pump pulse (at 800 nm). The observation in the focal plane of the "tube lens" is achieved by a single shot spectrum analyser. This single shot spectrum analyser is simply composed of a diffraction grating, an objective and a sCMOS camera. Before being launched into the time lens itself, the signal experiences the dispersion induced by a grating compressor (see Fig. 1 ). The temporal resolution of the time microscope dramatically depends on the adjustment of the relative dispersions exprienced by the signal at 1560 nm and the pump at 800 nm. We fixed the 800 nm dispersion (normal dispersion) to ≈ 0.23 ps 2 . Then we adjusted the anomalous dispersion of the 1560 nm compressor until best resolution was achieved.
This resolution is tested with short pulses (≈ 70 fs long) at 1560 nm, generated by an Erbium fiber laser at the time microscope input. Then we analyzed the time microscope data versus compressor dispersion. The typical response at best resolution is displayed in Fig. 2 . We finally estimate that our TM has a temporal resolution of 250 femtoseconds over temporal windows ≈ 20 − 30ps. Let us emphasize that the time-microscope strategy leads to an extremely high dynamical range (i.e., the ratio between maximal recordable signal and dark noise). This directly stems from the detector : our 16 bit sCCD camera has an RMS dark noise of ≈ 2 electrons and a saturation value of 30000 electrons, leading to a ≈ 40 dB dynamical range.
Observations performed with the TM at the output of the fibre reveals the emergence of intense peaks, with powers frequently exceeding the average power P by factors of 10-50 (see Fig. 3 ). Starting from random fluctuations having time scale around 5 − 10ps (Fig.3.a) , those optical RWs exhibit time scales of the order of several hundreds of femtoseconds. Moreover, our observations reveal the emergence of structures very locally very similar to Peregrine soliton. Using several hundred of thousands of frames, we compute the probability density function (PDF) of optical power. The PDF is found to evolve from exponential distribution that corresponds to Gaussian statistics of the field to heavy tailed distribution. 27, 29 The experiments are very well reproduced by numerical simulations of the one dimensional nonlinear Schrdinger Equation (1D-NLS). 
CONCLUSION
Our results demonstrate that the technique of time microscopy is very powerful in the context of random waves.
It allows the precise observation of random fluctuations of the optical power with a temporal resolution of 250fs and a 40 dB dynamical range over a temporal window of ≈ 20 − 30ps.
From the fundamental point of view, the experiments allow us to draw fundamental conclusions about integrable turbulence in 1D-NLS systems. In particular our experiments demonstrate the central role (that was conjectured) played by breather-like structures such as the Peregrine soliton in the emergence of heavy-tailed statistics in integrable turbulence. 
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